Organophosphorus insecticides are heavily utilized throughout the world for the control of undesirable insects. The acute, life-threatening toxicity in mammals associated with significant exposure to these chemicals is cholinergic crisis resulting from phosphorylation and concomitant inhibition of the critical enzyme acetylcholinesterase (EC 1.14.14.1). Consequently the interactions of these pesticides with acetylcholinesterase have been well-characterized (Sultatos, 1994) . However, these compounds display other mammalian effects which are often poorly understood and unrelated to inhibition of acetylcholinesterase (Sultatos, 1994) . One such potentially significant effect of organophosphorus compounds which undergo cytochrome P450-mediated oxidative desulfuration (such as phosphorothioates and phosphorodithioates) is the inactivation of P450s by reactive sulfur released during their biotransformation. For example, the metabolic activation of parathion [0,0-diethyl O-(p-nitrophenyl) phosphorothioate] to its toxic oxygen analog paraoxon [0,0-diethyl O-(p-nitrophenyl) phosphate] has been proposed to occur by an attack of singlet oxygen on the thiophoshorus moiety of parathion, forming a phosphooxythirane intermediate. This intermediate is thought to spontaneously rearrange to form the various metabolites of parathion, including reactive atomic sulfur (Kamataki and Neal, 1976) which probably binds covalently to cysteine residues on P450 to form hydrodisulfide bonds, thereby causing a loss of enzymatic activity ( Fig. 1) (Davis and Mende, 1977) . Verschoyle and Aldridge (1987) have shown that any of several organothiophosphorus pesticides, including fenitrothion, can inhibit microsomal hepatic and pulmonary 7-ethoxycoumarin 0-deethylase activity, probably as a result of the binding of reactive atomic sulfur. All isozymes of cytochromes P450 might represent potential targets for reactive atomic sulfur since all forms so far examined have the capacity to oxidatively desulfurate parathion (Guengerich, 1977) .
Inhibition of certain forms of P450 largely associated with biotransformation of xenobiotics is not likely toxicologically significant provided exposure to xenobiotics metabolized by these same forms does not occur. However, inhibition of P450s involved in the synthesis and metabolism of endogenous compounds like steroid hormones could, in theory, lead to profound disturbances in the physiological and biochemical systems mediated by these hormones. Indeed, Clos et al. (1994) have shown that exposure to a moderate dosage of the phosphorothioate insecticide fenitrothion [O.O-dimethyl 0-(p-nitro-m-tolyl) phosphorothioate] decreased testicular P450s and lowered testosterone levels in blood, although tissue cholinesterase activities were unfortunately not reported. Gradowska-Olszewska et al. (1984) have shown that a single dosage of fenitrothion (261 mg/kg) reduced androgen levels in plasma and urine of male rats after 24-48 hr, but increased androgen levels in urine after 72 hr. Proposed pathways for oxidative desulfuration of phosphorothioate insecticides by P450. Reaction a is catalyzed by P450s, while all other reactions occur spontaneously. It has been proposed that atomic sulfur binds to cysteine residues, thereby inactivating P450 (Neal, 1980) . Fenitrothion: (Ri, methyl; R 2 , 3-methyl-p-nitrophenyl). Parathion: (R,, ethyl; R 2 , p-nitrophenyl). Modified from Neal (1980). Estrogens are important steroid hormones that play significant roles in both sexes. Several different isozymes of P450 are involved in both the synthesis and metabolism of the estrogens 17/?-estradiol (E2) 1 and estrone (El). P450-dependent hydroxylation of E2 and El occurs primarily at the C-2 position, followed by hydroxylation at the C-16a and C-4 positions ( Fig. 2) (Martucci and Fishman, 1993) . Hydroxylations at the C-2 and C-4 positions produce catecholestrogens which have little estrogenic activity (Ball and Knuppen, 1980) , while hydroxylation at the 16a position maintains significant estrogenic activity (Fishman and Martucci, 1980; Liu, 1991) . In view of both the significance of the P450-dependent metabolism of El and E2 and the inactivation of P450s by phosphorothioate insecticides, the present study was undertaken to determine if phosphorothioate insecticide exposure can alter the P450-dependent metabolism of El and/or E2. The phosphorothioate insecticide fenitrothion was chosen because it has previously been reported to alter the P450-dependent synthesis of testosterone (Closer al, 1994) . 1 Abbreviations used: ANOVA, analysis of variance; BSA, bovine serum albumin; El, estrone; E2, 17/9-estradiol; HPLC, high-performance liquid chromatography; 2-OHE2, 2-hydroxyestradiol; 4-OHE2, 4-hydroxyestradiol; 16-OHE1, 16-hydroxyestrone; ip, intraperitoneal; K^^p, apparent K m \ LD50, lethal dosage for 50% of a population; NADP + , nicotinamide adenine dinucleotide phosphate; SD, standard deviation; V^.^,, apparent V nai . ) , glucose 6-phosphate, glucose-6-phosphate dehydrogenase enzyme, corn oil, potassium phosphate (dibasic), and bovine serum albumin (BSA) (solid). Ascorbic acid and potassium phosphate (monobasic) were purchased from J. T. Baker Chemical Co. (Phillipsburg, NJ). EcoLume liquid scintillation cocktail and 2-hydroxyestradiol were purchased from ICN (Costa Mesa, CA). All chemicals were reagent grade, except for high-performance liquid chromatography (HPLC) solvents, which were HPLC grade.
MATERIALS AND METHODS

Chemicals. Fenitrothion
[O, O-dimethyl 0-(p-nitro-m-tolyl) phosphoro
Animals.
Male (25-50 g) TAC:(SW) FBR mice from Taconic Farms (Germantown, NY) were used. They were housed under standard laboratory conditions in the Animal Care Facility of the University of Medicine and Dentistry of New Jersey and had access to water and feed (Purina Laboratory Rodent Chow 5001) ad libitum.
Animal treatments. Where indicated, mice were treated with various dosages of fenitrothion in a corn oil vehicle or com oil alone intraperitoneally (ip). not exceeding a volume of 100 /il. Animals were killed by decapitation 4 hr after administration of insecticide, except for time course studies where they were killed at the indicated times following injection.
Microsomal isolation and incubations.
Microsomes were isolated and protein concentrations were measured as previously described (Sultatos and Murphy, 1983; Sedmak and Grossberg, 1977) . Microsomes were stored at -70°C for no longer than 3 months. Incubations consisted of a total volume of 3 ml containing 3 mg microsomal protein, an NADPH generating system (NADP + , glucose 6-phosphate, glucose-6-phosphate dehydrogenase en- 
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FIG. 2. Proposed pathways for estradiol metabolism. All pathways arc mediated by P450, except conversion of estradiol to estrone which includes P450 and non-P450 enzymes. zyme), 6.67 mM ascorbic acid, and 50 )IM estradiol at 37°C in a 50 mM potassium phosphate buffer (pH 7.4). After a 20-min incubation, 4 ml ethyl acetate was added and flasks were swirled and chilled on ice. [6,7-[ 3 H]Estradiol (500,000 dpms) was added as an internal standard after which all samples were decanted over to extraction tubes and shaken for 20 min, and the organic phase was removed and evaporated to dryness under nitrogen. Samples were stored at -70°C until analyzed by HPLC.
Incubations for kinetic studies utilized I mg protein from pooled microsomes isolated from naive animals, with an incubation time of 15 min. For inhibition studies, estradiol was coincubated with 5, 10, and 40 /iM fenitrothion made up in a 3% BSA solution, or 5 [iM fenitrothion was preincubated for 5 min before substrate was added. Fenitrothion was made up in BSA solution since alcohols inhibit CYP2E1-dependent metabolism of phosphorothioates (O'Shaugnhessy and Sultatos, 1995) . The apparent maximum velocities (V^J were determined from a double-reciprocal transform (Segel, 1976) , while the apparent Michaelis-Menten constants (^-..PP) were determined from a Woolf-Augustinsson-Hofstee transform (Porter and Trager, 1977) . Linear regressions of the transformed data were performed using SigmaPlot (Jandcl Scientific, San Rafael, CA) computer software.
HPLC analyses. HPLC analyses were performed by a modification of the procedure reported by Slikker et al. (1981) for determination of estradiol and its metabolites. Dried samples were resuspended in 100 /JI acetonitrile and 20 fii was injected onto a dual-pump Waters 501 HPLC equipped with a U6K injector (Waters, Milford, MA). Pumps were controlled by a Waters automated gradient controller, with a methanol:water linear gradient from 38:62 to 55:45% over 40 min at a flow rate of I ml/min. The signals from a Waters 484 tunable absorbance detector set at 280 nm and a Raytest Ramona 92 radioactive flow detector (Wilmington, DE) were sent to a computer equipped with Raytest GINA radiochromatographic system software (Wilmington, DE) which calculated area under the curves. Estradiol, estrone, 2-hydroxyestradiol, 4-hydroxyestradiol, estriol, and 16a-hydroxyestrone were analyzed using a reverse-phase C18 ^Bondapak column (2 mm X 30 cm) (Waters). Fractions were collected, mixed with 10 ml EcoLume, and counted on an LS 5000TA Beckman scintillation counter to quantify the internal standard. Standard curves for each compound were constructed using the ratios of area under the curves for each compound to the internal standard. Preliminary studies indicated that recovery in the ethyl acetate extraction was at least 90%.
Statistical analyses. Normality was tested for by the KolmogorovSmirnov test for normality (Zar, 1984) . Homogeneity of variance was tested by the Levene median test for equal variance (Levene, I960) . Data manifesting a normal distribution and homogeneity of variance were analyzed by one-or two-way analysis of variance (ANOVA) followed by the NewmanKeuls range test (Winer, 1971) . When data failed normality or homogeneity of variance tests, they were transformed with the square root, square, reciprocal, or log m functions in order to stabilize variability (Winer, 1971) . When common transforms were unsuccessful, data were analyzed by the KruskalWallis test followed by the Dunn's method range test (Zar, 1984) . All analyses were performed using Statgraphics (STSC, Rockville, MD) or SigmaStat (Jandel Scientific) computer software. Kinetic statistical analyses for V^tpp were performed by comparing intercepts and for K^^ by comparing slopes of the transforms as described by Zar (1984) .
RESULTS
Pretreatment of mice with fenitrothion produced a dosedependent biphasic decrease in the capacity of mouse hepatic microsomes to 2-and 4-hydroxylate 17/3-estradiol (Fig. 3) . Symptoms of cholinergic crisis (salivation, urination, lacrimation, muscle twitches, etc.) were apparent only in mice that received 500 mg/kg of fenitrothion (data not shown). Conversely, these same dosages of fenitrothion produced dose-dependent biphasic increases in 16a-hydroxylation giving rise to 16a-OHEl and estriol (Fig. 4) , probably as a result of substrate shunting from inhibition of 2-and 4-hydroxylation (Fig. 3) . Further analyses of these data revealed a dose-dependent increase in the 16a/2-hydroxylation ratio and estrone (Fig. 5) , with significant increases at dosages of fenitrothion far below those that result in symptoms of cholinergic crisis. Previous reports have stated that an increased 16a/2-hydroxylation ratio may be a predetermining factor for estrogen-dependent breast cancer (Schneider et al., 1982; Martucci and Fishman, 1993) , while Swaneck and Fishman (1988) suggested that ifja-OHEl's covalent modification of estrogen receptors may be one of the mechanisms of malignant transformation in estrogen target tissues. Furthermore, Telang et al. (1991) have reported that 16a-OHE1 is not only a potent estrogen, but also genotoxic.
To characterize the mechanism of fenitrothion's inhibition of estrogen hydroxylation, kinetic analyses in vitro were performed on the 2-hydroxylation of 17/3-estradiol in the presence of fenitrothion (Fig. 6) . Coincubation of 5 /xM fenitrothion with 17/3-estradiol resulted in an increase in K mtvc , (Table 1) Effects of various dosages of fenitrothion pretreatment on mouse hepatic microsomal 16a-hydroxylation of estradiol. (A)denotes 16a-OHE1 production and (B) denotes estriol production. Each value represents the mean ± SD of four or five animals. Estriol data (B) were transformed with the square root function in order to stabilize the variance (Winer, 1971 ). An asterisk indicates a significant difference from control (0 mg/kg) by a one-way ANOVA followed by a Newman-Keuls range test (p < 0.05) (Winer, 1971) . Open circles within the insets represent respective experimental data, and the solid lines represent respective experimental data fit to the double exponential equation y = a'e"*** + c^e'" 1 " + 2 [correlation coefficients for insets in (A) and (B) are 0.96 and 0.89, respectively]. Effects of various dosages of fenitrothion pretreatment on mouse hepatic microsomal estrone production from estradiol and the 16a/ 2-hydroxylation ratio. (A) denotes estrone production and (B) denotes the 16a/2-hydroxylation ratio. Each value represents the mean + SD of four or five animals. In (A), an asterisk indicates a significant difference from control (0 mg/kg) by a Kruskal-Wallis test followed by a Dunn's method range test (p < 0.05) (Zar, 1984) . In (B), data were transformed with the square root function in order to stabilize the variance (Winer, 1971 ). An asterisk indicates a significant difference from control (0 mg/kg) by a oneway ANOVA followed by a Newman-Keuls range test (p < 0.05) (Winer, 1971) . 
where v-intercept = UV mvp (Segel, 1976) . K m ^ was determined from the following transform : -v = Km.v,(v/[S] ) -V m , w , where the slope = K^^ (Porter and Trager, 1977) . Each value represents the mean ± SD of three or six determinations.
of fenitrothion (10 and 40 /J,M) inhibited 17/9-estradiol 2-hydroxylation to such an extent that V^.^ and K m , w could not be accurately determined (data not shown). Preincubation of 5 fiM fenitrothion with mouse hepatic microsomes for 5 min before addition of 17/3-estradiol resulted in a decrease in both and > for 2-hydroxylation of 17/9-estradiol ( Table 1 ), suggesting that certain forms of cytochrome P450 were inactivated, probably by reactive atomic sulfur produced by oxidative desulfuration of this insecticide. The competitive inhibition observed upon coincubation of fenitrothion and 17/?-estradiol likely occurred due to insufficient time for the occurrence of significant enzyme inactivation. Therefore, these data suggest that fenitrothion is a " Indicates a significant difference from control (0 fiM) K^ (p < 0.05) by comparing slopes as described by Zar (1984) .
* Fenitrothion was preincubated for 5 min prior to the addition of insecticide.
' Indicates a significant difference from control (0 ^M) V ^ (p < 0.05) by comparing intercepts as described by Zar (1984) . mixed inhibitor of 2-hydroxylation of 17/?-estradiol, serving both as a substrate and as an irreversible inhibitor of those P450s forming 2-OHE2. Similar results were observed previously with androstenedione 6/3-and 16a-hydroxylation after a 10-min preincubation step with parathion (Butler and Murray, 1993) .
Catecholestrogen formation was maximally inhibited 4 to 8 hr after 70 mg/kg fenitrothion, compared to control (0 hr) (Fig. 7) . However, activity began to return after 16 hr, with 2-OHE2 formation significantly higher than control after 24 hr (Fig. 7) . Similar time course profiles were observed for the fenitrothion-induced increases in formation of 16a-0HEl, estriol, and estrone (Figs. 7 and 8) as well as the 16a/2-OH 24 18 c~ 16 -|| 14-S?~ 12 -| g 10-
Time course study of the effect of fenitrothion pretreatment on mouse hepatic microsomal catecholestrogen production and 16a-hydroxylation from estradiol. Animals were killed after a challenge dosage of 70 mg/ kg fenitrothion at the indicated time points. This dosage of insecticide produced no apparent toxicity. Each value represents the mean ± SD of three to five animals. 4-OHE2 data were transformed with the square root function in order to stabilize the variance (Winer, 1971) . For 2-OHE2, 4-OHE2, and 16a-OHEl, an asterisk indicates a significant difference from the corresponding control (0 hr) by a one-way ANOVA followed by a Newman-Keuls range test (p < 0.05) (Winer, 1971) . For estriol, an asterisk indicates a significant difference from the corresponding control (0 hr) by the Kmskal-Wallis test followed by the Dunn's method range test (p < 0.05) (Zar, 1984) . Time (hours) FIG. 8 . Time course study of the effect of fenitrothion pretreatment on mouse hepatic microsomal estrone production from estradiol and the 16a/ 2-hydroxylation ratio. Animals were killed after a challenge dosage of 70 mg/kg fenitrothion at the indicated time points. This dose of insecticide produced no apparent toxicity. (A) denotes estrone production and (B) denotes the 16a/2-hydroxylation ratio. Each value represents the mean ± SD of three to five animals. Data were transformed with the logio function in order to stabilize the variance (Winer, 1971 ). An asterisk indicates a significant difference from control (0 hr) by a one-way ANOVA followed by a Newman-Keuls range test (p < 0.05) (Winer, 1971) . ratio (Fig. 8) . Recovery of activity could be due to reactivation of cytochromes P450 by dissociation of sulfur and/or to de novo synthesis of new enzyme since Masuda et al. (1986) have shown that covalent binding of reactive atomic sulfur from carbon disulfide to P450s was reversible in vivo. In the current study de novo synthesis of new enzyme probably played some role in recovery since 2-hydroxylating activity 24 hr after fenitrothion administration was greater than that at the time of administration (Fig. 7) .
DISCUSSION
Previous reports have often stated that P450s can be classified into two major groups: those which metabolize xenobi-otics and those which metabolize endogenous substrates (Waterman and Simpson, 1989) . However, considerable evidence has accumulated indicating that the assertion of the existence of these two separate groups of P450s is too simplistic a view for classification of these enzymes. For example, certain hepatic P450s that hydroxylate estrogens, androgens, and progestins appear to also biotransform certain xenobiotics (Aoyama et al, 1990; Waxman et al, 1991; Guengerich, 1995) . The present study suggests that fenitrothion is oxidatively desulfurated by the same mouse hepatic P450s that hydroxylate 17/3-estradiol at the 2 and 4 positions. While P450-dependent 17/3-estradiol metabolism by mouse liver has not been extensively characterized, hepatic 2-and 4-hydroxylation of 17/3-estradiol in the rat can be catalyzed by CYP1A1/1A2, 2A1/2A2, 2C11, 2D, 3A1/3A2, and 1A2 and 2A1/2A2, respectively (Cheng and Schenkman, 1984; Watanabe et al, 1991; Martucci and Fishman, 1993) . In humans, it has been reported that 1A2, 2C9, 1 A3, 1A4, 1A5, and 4B1 hydroxylate 17/3-estradiol at the 2 position, while 1A2, 3A3, 3A4, 3A5, 1B1, and 4B1 hydroxylate 17/3-estradiol at the 4 position (Aoyama et al, 1991) . It should also be noted that certain of these P450s have been shown to hydroxylate other sex steroids as well (Waxman et al., 1991; Guengerich, 1995) . The lack of inhibition of 16a-hydroxylation of 17/3-estradiol by fenitrothion is surprising since in the rat, this pathway appears to be catalyzed by enzymes which also catalyze 2-hydroxylation (2A1, 2C11, and 2D1) (Cheng and Schenkman, 1984; Watanabe et al., 1991; Martucci and Fishman, 1993) . Therefore, the results of the current study suggest that in the mouse, 16a-hydroxylation and 2-hydroxylation of 17/3-estradiol are catalyzed by different P450s.
The present study establishes that a single exposure to fenitrothion at a dosage far below that which elicits cholinergic crisis (the oral LD50 of fenitrothion in the mouse ranges from 870 to 1220 mg/kg; Suzuki, 1970; Haley et al, 1975) inhibits 2-and 4-hydroxylation of 17/3-estradiol by mouse liver, probably as a result of inactivation by atomic sulfur of those P450s catalyzing these reactions. Furthermore, the biphasic nature of the dose-response curves for fenitrothion's inhibition of 2-and 4-hydroxylation of 17/3-estradiol suggests the existence of at least two forms of P450 catalyzing each of these reactions that differ markedly in their capacity to metabolize fenitrothion and/or undergo inactivation by sulfur. Levi et al. (1988) have shown that at least six different P450s isolated from mouse liver can oxidatively desulfurate fenitrothion and that these forms were differentially inhibited by the metabolism of fenitrothion. For example, that form(s) induced by phenobarbital pretreatment was preferentially inhibited compared to that form(s) induced by /3-naphthoflavone. Levi et al (1988) hypothesized that some P450 isozymes are more sensitive to the released sulfur and subsequent inhibition of enzyme activity than other P450 isozymes.
Estrogens and other endogenous steroids play important roles in development and reproductive function and have been implicated in the etiology of numerous carcinomas. Factors which disrupt the normal homeostasis of these important hormones could lead to profound disturbances in the physiological processes which they mediate. Moreover, as pointed out by Waxman et al (1991) , the physiological significance of certain P450-mediated steroid hydroxylation reactions is unclear, but may include deactivation and/or generation of hydroxysteroids with important endocrine functions that remain to be discovered (Waxman, 1988) . Indeed catecholestrogens have been implicated in the modulation of catecholamine transmission and pituitary function (Maclusky et al, 1981) as well as malignant transformations (Liehr, 1990) . While it is tempting to speculate regarding the potential toxicological significance of fenitrothion-induced alterations in estradiol metabolism documented in this report, it is not possible to conclude that hormone levels in vivo will change following fenitrothion exposure since various P450s play important roles in the synthesis of these hormones as well. Whether or not fenitrothion affects steroidogenesis is currently unknown.
